A dynamic process consisting of a series of reactions during deposition of HfO 2 films on SiO 2 -covered silicon under oxygen-deficient conditions is identified. The oxygen-deficient HfO xϽ2 layer absorbs the oxygen in the SiO 2 layer to form fully oxidized metal oxide film. As a result, there is no silicate and silicon oxide formed at the interface with silicon substrate. Thermodynamic analysis indicates that even if there is a layer of silicate forming at the initial stage of deposition, the silicate layer will be decomposed with the progress of HfO xϽ2 deposition.
High-permittivity materials have been proposed as alternative gate dielectrics replacing conventional SiO 2 in siliconbased semiconductor device for sub-100 nm devices. Among them, HfO 2 and ZrO 2 are the potential candidates.
1,2 However, most of these high-materials are metal oxides; the formation of interfacial oxides, silicates, and silicides was often observed during the film deposition or the subsequent rapid thermal annealing. [2] [3] [4] [5] [6] Therefore, the thermodynamic stability of high-metal oxide in contact with silicon is a critical issue for the application of alternative gate dielectrics in silicon-based devices. [7] [8] [9] But until now many reports about this issue are contradictory, and the thermodynamic reactions of these metal oxides with SiO 2 were not yet clear. Furthermore, lack of sufficient thermodynamic data causes more difficult to determine the stability of the HfO 2 on silicon, especially when most of the film depositions and thermal annealing are operated in oxygen deficiency conditions. In this letter, we present experiment results on a dynamic process of the chemical reaction of SiO 2 layer with oxygen deficient HfO xϽ2 . We find that the SiO 2 layer is decomposed and oxygen in the SiO 2 layer is absorbed by HfO xϽ2 to form fully oxidized metal oxide.
The ultrathin HfO 2 films were deposited by a pulsed laser deposition system with a base vacuum of 7.0ϫ10 Ϫ8 mbar. All Si substrates were cut from one piece of aspurchased Si wafer used in chip manufacturing. This is to ensure that each substrate has an identical native oxide layer, surface morphology, and crystalline orientation. The Si substrates are ultrasonically cleaned in dilute nitric acid and then thoroughly rinsed. In this treatment the native amorphous SiO xϽ2 layer remains on the substrates. After heating treatment before the film deposition at 700°C, small amounts of oxygen atoms are absorbed by the native oxide layer, but it does not result in considerable further oxidation of the Si surface and the thickness of this layer is around 1.5 nm. In order to investigate the transition of oxygen stoichiometric in the film deposited on SiO 2 -covered silicon substrate, the deposition is operated at a substrate temperature of 700°C in an ambient oxygen deficient pressure of 2.0ϫ10 Ϫ6 mbar. In this condition the deposition is in a heavily oxygen deficient state, but it is still above the transition line from passive oxidation to active oxidation in the P -T phase diagram of silicon oxidation, and at the same time the desorption of SiO can be expected to take place in this condition. 10, 11 Laser fluence ͑wavelength 248 nm͒ of 1.5 J/cm 2 and laser repetition frequency of 3 Hz were set for all the samples. After the deposition, the samples were transferred in air to x-ray photoelectron spectroscopy ͑XPS͒ chamber for analysis, which was performed in a VG ESCALAB 220I-XL system, using Mg K␣ as the x-ray source. APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 13 31 MARCH 2003 level spectra shown in Fig. 1͑a͒ , it can be seen that the substrate after heating treatment has a peak at 103.6 eV, corresponding to the binding energy of SiO 2 . It implies that the deposition condition was above the transition line of P -T phase diagram of silicon oxidation and a layer of SiO 2 formed on the substrate. However, after 5 s HfO 2 deposition, the Si 2p peak shifted to 103.1 eV and with the progress of the deposition this peak shifted to even lower position to 102.7 eV for 30 s film deposition. For this peak shift, some reports suggested it is an indication of the formation of interfacial silicon oxide SiO xϽ2 , 6,12 while some others attributed it to the formation of silicate by the reaction of HfO 2 with SiO 2 layer on the silicon surface. 13 Under certain annealing conditions such as in oxygen ambient, formation of silicate was reported.
14 From the consideration of Gibbs free energy, both of these two processes have the possibility to take place, which is similar to that of the growth of ultrathin YSZ films on native oxide-covered silicon substrate. 15, 16 The earlier information can also be obtained from the O 1s core-level spectra shown in Fig. 1͑b͒ . Before the deposition of HfO 2 , the substrate only presents a peak at 533.4 eV, corresponding to the O 1s binding energy of SiO 2 . After 5 s HfO 2 deposition, the peak shifted to 532.3 eV and with further increase of film thickness, this peak keeps on shifting toward lower energy and fixes its position at 530.6 eV after 20-30 s film deposition, corresponding to fully oxidized HfO 2 . Because the film was deposited in an oxygen deficient condition, the full oxidization of Hf oxide can be attributed to the incorporation of oxygen atoms from SiO 2 layer, while the SiO 2 is decomposed to SiO xϽ2 . However, after close inspection the presence of a small shoulder can be observed on the high-energy side of the main O 1s peak for 20-30 s films, this may be due to that the upper layer of film cannot absorb enough oxygen atoms when the film becomes thick. Well in agreement with the earlier explanation, the peaks of Hf 4 f core-level spectra shifted 0.3 eV for 10-30 s deposition compared with that of 5 s deposition ͓see Fig. 1͑c͔͒ , corresponding to HfO 2 . Therefore, we think the SiO 2 layer on the silicon substrate can be an oxygen source for the oxygen deficient Hf oxide until the SiO 2 is completely decomposed into evaporated SiO. This process can be described by the following chemical reaction: 2SiO 2 ϩHf→HfO 2 ϩ2SiO↑͑⌬GϭϪ48.0 kcal/mol͒. ͑1͒
As for the formation of silicate, we think it will take place during the initial stage before SiO 2 is completely decomposed. This can be observed from the O 1s and Hf 4 f XPS spectra for 5 s deposition. [17] [18] [19] But with the deposition continuing, we think it will be decomposed when more oxygen deficient HfO xϽ2 film is deposited onto the substrates 14 SiO 2 ϩHfO 2 →HfSiO 4 , ͑2͒ This conclusion is further supported by XPS depth profiling and cross-section transmission electron microscopy ͑TEM͒ results for 8.75 nm film and is consistent with thermodynamic analysis of Liu et al.
20 Figure 2 shows the cross-sectional TEM image of 8.75 nm HfO 2 film on silicon substrate. It can be seen that there is no amorphous layer formed at the interface. As we noted before, the amorphous SiO 2 layer before the film deposition is around 1.0-1.5 nm. The TEM image here implies that the SiO 2 layer have been decomposed with the progress of the film deposition.
To investigate the bond structure at the interface and in the film, we conducted XPS depth profile for the film. Figure  3͑a͒ is the Si 2p core-level spectra of the 8.75 nm HfO 2 film. It can be seen that there is no other peak beside the peak at 99.3 eV, corresponding to the Si-Si bond. It suggests that there was no interfacial oxide and silicate formed at the interface, which is in agreement with the TEM results. However, from Hf 4 f core-level spectra of depth profiling shown in Fig. 3͑b͒ , it can be seen that there is a very clear transition of Hf 4 f 5/2,7/2 doublet peak location from the film surface to the interface. The Hf 4 f doublet ͑18.9 and 17.2 eV͒ at the film surface shift to the location of doublet ͑14.9 and 13.3 eV͒ at the interface, indicating there is a layer of Hf-silicide between HfO 2 and silicon substrate. This may be the product of the metallic Hf reacting with Si or the filling of oxygen vacancies in a nonstoichiometric area of the HfO 2 film, which has been observed in ZrO 2 film on silicon due to the excessive oxygen deficient film deposited on the substrate. 21 However, we should point out that under optimal deposition condition the formation of this silicide layer can be avoided, which have been demonstrated in crystalline YSZ films on silicon. 15, 16 In addition, this Hf-silicide layer is thermally stable in contact with HfO 2 , which can be observed from the O 1s core-level spectra of depth profiling, as shown in Fig. 3͑c͒ . A transition of the peak location can be also observed from the film surface to interface. At the film surface, the O 1s peak is located at 531.1 eV. However, with the progress of sputtering, the peak shifted to 530.45 eV at the interface. According to Refs. 18 and 22, fully oxidized metal oxide has lower binding energy than that of oxygen deficient oxide. Therefore, we think that the upper layer of the film is in substoichiometric oxygen state since the film was deposited in an oxygen deficient condition. At the interface, as the deposited film absorbs oxygen atoms from the SiO 2 layer, the Hfoxide was fully oxidized, as discussed in the previous sections. The thermally stable HfO 2 film in contact with Hfsilicide is similar to the case of ZrO 2 system, which was reported earlier by Wang et al. 23 In summary, the dynamic process of the reactions during deposition of HfO 2 thin films on SiO 2 -covered silicon substrate in oxygen deficient conditions has been investigated. The oxygen deficient HfO xϽ2 absorbs the oxygen in the SiO 2 layer to form fully oxidized metal oxide. Thermodynamic analysis indicates even if there is a layer of silicate forming in the initial stage, it will be decomposed with the progress of HfO xϽ2 deposition. We also find that Hf-silicides will form with excessive oxygen deficient HfO xϽ2 deposited onto the substrate and a stable interface form contact with fully oxidized HfO 2 .
